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A B S T R A C T

Membranes with advanced oxidation processes (AOPs) are a promising combination to separate and degrade
organic pollutants in a single system. In this work, we describe the fabrication and characteristics of nine
membranes with different TiO2 top layer thicknesses (from 0.26 to 21.9 μm), giving attention to the critical
catalyst thickness and the formation of defects. We also report the optimum photocatalyst thickness for our
single-layer membranes (∼2.74 μm), after which more titanium dioxide does not improve the degradation.
However, an increase in degradation for membranes with multiple TiO2 layers was still possible. These results
and the comparisons with the literature suggested that the optimal catalyst thickness is closely related to the
material morphology. We obtained a maximum degradation at the lower filtration rate (1.6 L m−2 h−1) of 72%
with a single layer membrane of 3.4 μm and 82% with a membrane with six layers of 21.9 μm. Furthermore, a
1D mass transport and reaction model that describes the coating thickness effect was developed and fitted with
the experimental data. Other parameters are also discussed, such as light penetration limitations, surface area,
and surface reaction rate constant. These results and analysis provide a better understanding of the fabrication
and optimization of photocatalytic membranes.
. Introduction

Membranes have gained an important place in chemical technology
nd are used in a broad range of applications [1]. However, when mem-
ranes are used in treatment processes, the separated phase becomes a
econdary waste that needs additional treatment. The combination of
embranes with advanced oxidation processes (AOPs) could separate

nd degrade organics pollutants in a single system. In such hybrid pro-
esses, chemical degradation and membrane retention can potentially
e synergistic.

AOPs produce in situ transitory species (mainly hydroxyl radicals),
hich degrade toxic and refractory pollutants into water, carbon diox-

de, and mineral acids or into other more innocuous products. Besides,
he partial decomposition of non-biodegradable organic pollutants can
ead to biodegradable intermediates [2]. As such, AOP provides an
ttractive method for degrading persistent contaminations from water
ources.

Among AOPs, photocatalytic oxidation with titanium dioxide has
eceived particular attention as it is a common semiconductor, chem-
cally and thermally stable, non-toxic, inexpensive, environmentally
riendly, and commercially available [3]. A photocatalytic top layer

∗ Corresponding author.
E-mail address: r.g.h.lammertink@utwente.nl (R.G.H. Lammertink).

in a membrane will help to degrade the retained organic molecules
keeping the advantage typical in membrane processes of no addition of
chemicals in the feed stream. Moreover, the photocatalytic activity can
reduce membrane fouling, increasing the filtration performance and life
span of the membrane and reducing replacement costs [4–7].

Depositing the photocatalytic coating onto a ceramic membrane
presents a promising combination for industrial applications since ce-
ramic membranes have outstanding features over polymeric mem-
branes. Thanks to their chemical, thermal and mechanical properties,
they can withstand more cleaning processes (i.e., backwash, harsh
cleaning agents, or high temperatures) and offer reliable performance
over long periods [8].

Several challenges are still to be solved to implement the use of
photocatalytic membranes, such as mass transfer limitations, the nature
of the intermediate products during the degradation, catalysis deacti-
vation, photon transfer limitations, or low quantum efficiency, among
others [9,10]. Various research efforts have been addressed to modify
the TiO2 structural and electronic properties to absorb light at larger
wavelengths in the solar radiation spectrum by band gap engineer-
ing [11], thereby improving the quantum efficiency and photon transfer
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limitations. Another optimization concerns the best catalyst load. In
configurations with the photocatalyst in slurry, excessive amounts of
TiO2 hinder the penetration of UV light and hence worsen the degra-
dation process. Meanwhile, in systems with the TiO2 immobilized, the
optimum catalyst load is characterized by the coating thickness with
the best performance. A larger thickness will contain more catalyst
but does not necessarily translate into better degradation when light
penetration is limited. This parameter is closely related to the diffusion
of the reactants to the active catalyst sites.

Light penetration, surface area, and pore connectivity inside the
photocatalytic layer are essential to determine the optimal catalyst
thickness. Different optimum coated catalyst thicknesses have been
reported in literature. Rafieian et al. [12] reported an optimal thickness
of 50 nm for magnetron sputtered TiO2 films coated on silicon wafers.
They worked with dense anatase layers from 9 nm to 0.5 μm. The
density of the film could explain why there is not much difference in
the membrane performance when increasing the thickness since the
available surface area is not affected by this. Dundar et al. [13] studied
TiO2 thin films in the thickness range of 50 to ca. 800 nm deposited
by ultrasonic spray pyrolysis and reported the highest photocatalytic
activity in the range of 170–230 nm thick films during the degradation
of stearic acid. The optimal thickness is higher than in the previous
example possibly due to the formation of pinholes or a nonuniform
coverage on the substrate by the TiO2 deposited films. Visan et al. [14]
reported an optimal thickness at 2.0 μm for a porous TiO2 layer
mmobilized on silicon wafers. They fabricated homogeneous layers
y spin-coating with thicknesses from 0.31 to 1.2 μm by changing
he dispersion solution solid amount and by adding multiple layers
o get thicknesses up to 4 μm. The layer porosity was 45% , and
o defects were reported on the surface of the films. High porosity
nhances the surface area reached by the UV light [15]. Phan et al. [16]
ound an even larger optimal catalyst thickness, 15 μm, in a fixed-bed
hotocatalytic membrane reactor in a dead-end cell supported by a
olyamide membrane. They formed a cake from 2.5 to 20 μm thickness
n top of the membrane with a uniform TiO2 dispersion (250 nm
verage particle size). This large optimal catalyst thickness could be
xplained by multireflection and interconnection effects present in the
ake structure [17]. These results show the dependency of the optimal
atalyst thickness with the material morphology (porosity and pore
ize).

In the past years, various studies have been carried out to describe
he photocatalytic degradation of micropollutants, and current models
tudying photocatalytic membranes [16,18] exclude the role of the
embrane since the membrane is included only as a support. There

s a need for more fundamental engineering science models that inte-
rate photocatalytic oxidation and membrane technology [19]. In our
revious work [20], a simple analytic 1D transport and surface reaction
odel was provided, which includes the membrane function (retention)

nd the photocatalytic oxidation (reaction). We related the transport
henomena and the photocatalytic reaction on the membrane surface,
ut the influence of the membrane thickness was not considered.

The objective of the present work is to study the effect of coated
atalyst thickness and present a model that is able to explain this effect.
ine photocatalytic nanofiltration ceramic membranes with thicknesses

rom 0.26 to 21.9 μm have been fabricated and evaluated. The func-
ion of these photocatalytic membranes was experimentally studied
n a single-pass dead-end membrane reactor for the discoloration of
ethylene blue. A model that successfully describes these experimental

esults, including the implications of varying the photocatalytic layer
hickness, is provided. This work adds valuable information to the pho-
ocatalysis field to improve the fabrication of photocatalytic ceramic
2

embranes for different applications.
2. Materials and methods

2.1. Photocatalytic membranes fabrication

Nine photocatalytic membranes were fabricated and used for this
study. 𝛼–Alumina supports (𝛼–Al2O3, ø28 mm, 2 mm thick, and 80 nm
pore size) were purchased from Pervatech B.V., The Netherlands. These
ceramic substrates ensure the mechanical stability of the membranes
under pressure. A single layer of 𝛾–alumina (𝛾–Al2O3) was deposited
on the polished side of the 𝛼–alumina supports by dip-coating it in a
boehmite sol in a dust-free room. The 𝛼–alumina support was brought
in contact with boehmite sol for 3 s and subsequently removed from the
sol with an angular rate of 0.06 rad s−1. This layer was then calcined in
a temperature programmable furnace with an air atmosphere at 650 ◦C
for 3 h. The gamma layer creates a smoother surface and improves
the adhesion of the photocatalytic layer on top. Further details for
the fabrication and the characteristics of the 𝛾–Al2O3 layer can be
found elsewhere [21–23]. The TiO2 layer was formed on the 𝛾–Al2O3
layer by the same dip-coating procedure and using a titanium dioxide
suspension (Evonik, VP Disp. W 2730 X) with different concentrations
(from 0.05 to 1.5 wt.%) depending on the desired thickness. The
resulting layer was sintered for 2 h at 500 ◦C in the same furnace.
The heating and cooling rates were kept at 2 ◦C min−1. In the case
of membranes with multiple TiO2 layers, every additional layer was
added after the thermal treatment process to improve the adhesion
between layers. The membranes were cleaned after each experiment
following the same thermal treatment. The membranes were stable
under mechanical stress, but the TiO2 layer could be removed by
peeling with tape. The titanium dioxide crystalline structure of the top
layer, a mixture of anatase and rutile, was reported in our previous
work [20].

2.2. Membrane characterization

For the characterization of the membranes, high resolution SEM
(Analysis Zeiss MERLIN HR-SEM) was used to investigate the mor-
phology and cross-section. The pore size of the membranes was deter-
mined by permporometry using cyclohexane as condensing vapor. The
experimental procedure is described in detail elsewhere [24].

Water permeability experiments were performed in a dead-end
photocatalytic membrane reactor (PMR) by measuring the transmem-
brane pressure as a function of the water flux. All measurements were
conducted in duplicate. The permeability was then calculated as the
slope of the flux versus pressure difference over the membrane.

2.3. Photocatalytic degradation experiments

The nine fabricated membranes were tested regarding the photocat-
alytic dye degradation using an in-house built photocatalytic membrane
reactor, see Heredia Deba et al. [20] for details on the set-up configu-
ration and the PMR. Dead-end filtration and degradation experiments
were carried out using methylene blue solution (MB) (BOOM, CAS
61-73-4), C16H18ClN3S, as an azo-dye model compound. An aqueous
solution of 4 mg L−1 of MB dissolved in water containing 1.0 mM
sodium sulphate was pumped into the setup with fluxes of 1.6, 3.3, 6.5,
9.7, 13.0, and 16.2 L m−2 h−1. These fluxes are in the range typically
used in commercial nanofiltration. Sodium sulphate anhydrous (VWR
chemicals, CAS 7757-82-6), Na2SO4, was used to avoid corrosion. The
UV radiation was set to 210 W m−2 using a LED lamp (NCSU276AT)
placed 67 mm away from the membrane surface, with an additional
lens (AL-12M-119) to narrow the light distribution angle to 8 degrees.
The experiments were repeated twice as the reproducibility of the
experiments was found to be high. The natural pH of the system was
used without further adjustment.

The discoloration of MB was continuously monitored by passing

the permeate through an optical flow cell (FIA-Z-SMA-ML-PE flow
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Fig. 1. Schematic representation of the 1D model, indicating the liquid phase, reservoir
length 𝐿1, membrane phase for three different catalyst thickness 𝐿2, and concentration
profile where 𝑐𝑏 is the inlet concentration, 𝑐𝑚 is the concentration on the membrane
surface, and 𝑐𝑝 is the permeate concentration.

cell, 10 mm path length) connected to a UV–Vis spectrometer (Flame
Model Spectrometer with Sony Detector, Ocean Optics). The monitored
wavelength, 664 nm, corresponds to the maximum absorption peak
of MB. Prior to the experiment, the membranes were equilibrated for
2 h with the feed solution to account for any dye removal due to
adsorption on the membrane surface. Then the LED was turned on, and
the experiment was concluded when the outlet absorbance reached a
steady value at each filtration rate. Additionally, control experiments
were carried out with a membrane without the TiO2 layer using the
same average irradiation (210 W m−2), and no significant removal of
methylene blue was observed, even at the lowest permeation rate.

2.4. Mass transport and reaction model

In our previous paper [20], we describe a 1D transport and surface
reaction model where the photocatalytic reaction takes place only on
the membrane surface during a dead-end filtration. In a photocatalytic
reaction, the photocatalyst absorbs photons to excite valence band
electrons onto the conduction band, which results in highly active
photo-generated holes (h+) in the valence band and photo-generated
electrons (e−) in the conduction band [25,26]. The photo-generated
h+ and e− can then diffuse to the TiO2 surface to generate reactive
oxygen active species (O2

−, OH−, H2O2, etc.), that can degrade organic
molecules.

In the approach presented here, we consider the reaction inside
the photocatalytic layer, based on a simplified kinetic expression that
assumes the rate proportional to the MB concentration and UV light
intensity. For this purpose, two regions are defined; the liquid phase in
contact with the membrane (of thickness 𝐿1) and the membrane phase
(of thickness 𝐿2). Both regions are included since there is no stirring
in the system, and significant concentration gradients are expected
in both phases. The concentration profile is solved for both regions
on a 𝑧̃1 = [0, 𝐿1] and 𝑧̃2 = [0, 𝐿2], respectively, thereby effectively
shifting the liquid domain from [−𝐿1, 0] to [0, 𝐿1]. Fig. 1 illustrates the
schematics of the model.

Assuming only the perpendicular flow through the membrane, we
obtain a steady state advection diffusion balance in the liquid region.
In dimensionless form, it is given as:

Pe1
𝑑𝑐1
𝑑𝑧1

|

|

|

|0<𝑧1<1
=

𝑑2𝑐1
𝑑𝑧21

(1)

while the second region, the porous membrane, will have advection,
diffusion and reaction. The dimensionless expression is:

Pe2
𝑑𝑐2
𝑑𝑧2

|

|

|

|0<𝑧2<1
=

𝑑2𝑐2
𝑑𝑧22

−
𝑘′𝑆𝑎𝜌𝑐 (1 − 𝜀)𝐿2

2
𝐷2

𝑐2 (2)

with dimensionless distance 𝑧𝑖 = 𝑧̃∕𝐿𝑖, dimensionless concentration
𝑐 = 𝑐∕𝑐 , inlet concentration 𝑐 [mg L−1] and Péclet number, Pe =
3

𝑖 𝑏 𝑏 𝑖
𝑢𝑖𝐿𝑖∕𝐷𝑖, with linear velocity 𝑢𝑖 [m s−1], liquid reservoir height 𝐿1 [m],
membrane thickness 𝐿2 [m] and diffusivity 𝐷𝑖 [m2 s−1]. The reaction
term further contains surface reaction rate constant 𝑘′ [m s−1], specific
surface area 𝑆𝑎 [9 × 104 m2 kg−1], catalyst density 𝜌𝑐 [3895 kg m−3],
and porosity 𝜀 [0.45]. Note that this expression assumes a first-order
reaction for the contaminant and that it is treated as an effective bulk
reaction within the porous domain. 𝑘′ includes the light absorption
effect, as explained below.

As the internal boundary condition between liquid and membrane,
assuming a constant cross-sectional area, we have: 𝑢2 =

𝑢1
𝜀

, 𝑐2 = 𝑐1𝛼𝑟,

𝐷2 = 𝜀𝐷1

(

1 +
(𝑢2𝑟∕𝐷1)2

48

)

. The latter is based on Taylor dispersion
through pores of radius 𝑟, which is approximately 5 nm for these
membranes, and the porosity effect (𝜀 = 0.45) on diffusion. As we
work with low velocities, we can safely assume 𝐷2 = 𝜀𝐷1. The
intrinsic membrane retention 1-𝛼𝑟 is also considered to include the
membrane function, where 𝛼𝑟 = 1 refers to no retention and 𝛼𝑟 = 0 to
complete retention. Note that later we will analyze our data assuming
no retention, 𝛼𝑟 = 1, as no retention was measured in the experiments
with these membranes [27].

Considering 𝑘′ as a depth-dependent reaction rate based on light
absorption by the photocatalyst, it can be expressed as:

𝑘′(𝑧2) = 𝑘′0exp
(

−𝑧2𝐿2𝛼𝑝
)

(3)

where 𝛼𝑝 [m−1] is the UV light absorption coefficient of the photo-
catalyst. This expression thus describes the exponential decaying light
intensity, with an accompanying reaction rate constant, through the
photocatalytic layer.

As boundary conditions, firstly, we have a constant inlet concentra-
tion at 𝑧1=0 for the liquid domain (for ease of using a positive velocity
𝑢),

𝑐|𝑧1=0 = 1 (4)

Secondly, we obtain the following flux continuity between the liquid
(𝑧1 = 1) and membrane phase (𝑧2 = 0):

𝜀
(

𝑐1 −
1

Pe1
𝑑𝑐1
𝑑𝑧1

)

|

|

|

|

|𝑧1=1
=

(

𝑐2 −
1

Pe2
𝑑𝑐2
𝑑𝑧2

)

|

|

|

|

|𝑧2=0
(5)

The final boundary condition concerns the outflow of the membrane
phase. As Danckwerts postulated [28]:
𝑑𝑐2
𝑑𝑧2

|

|

|

|𝑧2=1
= 0 (6)

Inclusion of the surface reaction term at the boundary is also
possible. Nevertheless, we observed that including this contribution
does not have a significant influence when evaluating the permeate
concentration for the 𝑘′ range we obtained.

The permeate concentrations were experimentally obtained for nine
membrane thicknesses, from 0.26 to 21.9 μm, for six filtration rates,
from 1.6 to 16.2 L m−2 h−1, with two repetitions per experiment. The
𝑘′0 was fitted to the experimental results by solving the model in matlab
using the bvp5c solver.

3. Results and discussion

3.1. Membrane characterization

SEM images were used to estimate the thickness of the layers and to
compare the morphology and homogeneity of the 𝛾–alumina interlayer
and the TiO2 top layers. Fig. 2 depicts SEM images of the thinner (image
A) and thicker (image B) photocatalytic membranes with one layer of
catalyst and the thicker membrane with multiple catalyst layers (image
C) used in these experiments. The 0.26 ± 0.05 μm TiO2 layer (image A)
was obtained by dip-coating with a 0.05 wt% TiO2 dispersion and the
4.3 ± 0.1 μm TiO2 layer (image B) was obtained by dip-coating with
a 1.50 wt% TiO dispersion. Meanwhile, each of the six layers with a
2
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Table 1
Membranes layer thickness and pore size.

TiO2
a [wt.%] # layers Pore diameter [nm] Gamma layer thickness [μm] TiO2 layer thickness [μm]

0.05 1 5.8 ± 0.1 2.6 ± 0.1 0.26 ± 0.05
0.15 1 6.4 ± 0.1 2.33 ± 0.07 0.65 ± 0.04
0.30 1 5.8 ± 0.1 2.24 ± 0.08 1.17 ± 0.02
0.50 1 5.9 ± 0.1 1.72 ± 0.05 1.69 ± 0.04
0.70 1 6.5 ± 0.1 2.0 ± 0.2 2.74 ± 0.04
1.00 1 6.7 ± 0.1 2.2 ± 0.2 3.4 ± 0.1
1.50 1 5.9 ± 0.1 1.56 ± 0.07 4.3 ± 0.1
1.00 3 5.8 ± 0.1 1.25 ± 0.07 10.6 ± 0.1
1.00 6 6.7 ± 0.1 1.6 ± 0.2 21.9 ± 0.7

aTiO2 content in the dispersion used for the dip-coating.
Fig. 2. Cross-sectional SEM images of three photocatalytic membranes. Image (A)
presents a membrane with a very thin and homogeneous TiO2 top layer obtained by
dip-coating with a 0.05 wt.% TiO2 dispersion, image (B) shows a membrane with a
homogeneous TiO2 top layer obtained by dip-coating with a 1.50 wt.% TiO2 dispersion,
and image (C) illustrates a membrane with six TiO2 layers obtained by dip-coating six
times with a 1.00 wt.% TiO2 dispersion.

thickness of 3.6 ± 0.2 μm each (image C) was obtained by dip-coating
with a 1.00 wt.% TiO2 dispersion.

The three sections, 𝛼–alumina, 𝛾–alumina, and TiO2, are visible in
Fig. 2. The thickness of the 𝛾–alumina layer varies among ∼1.5 or
∼2.3 μm between membranes because the membranes were fabricated
in different batches and the boehmite sol had a different concentration
(between 0.5 and 0.6 M). We have not observed any difference in
discoloration of methylene blue as a consequence of this variation
in interlayer thickness. The membrane pore size characterization by
permporometry showed mesopores between 5.5 and 6.9 nm, corre-
sponding to the pore size of the 𝛾–alumina layer. Table 1 summarizes
the membrane layers thickness of all the membranes used in this
investigation with the standard error obtained from several measure-
ments from the same cross-section image and their pore sizes with the
standard error of the technique.
4

It was not possible to form stable photocatalytic layers using con-
centrations of dispersion larger than 1.50 wt.% (resulting in 4.3 μm
thickness, Fig. 2(B), as thicker layers delaminate from the membrane
after sintering. Multiple coatings with a 1.00 wt.% dispersion with
sintering in between were applied to increase the thickness beyond
4.3 μm. The membranes made with multiple TiO2 layers were the
most fragile as some small pieces of catalyst flaked off after the first
experiment. Aguado et al. [29] hypothesized that the repulsion between
layers with the same charge could cause a more open structure resulting
in defects between the titania layers.

Fig. 3 reveals the top view of two photocatalytic membranes. Image
(A) shows the surface of a photocatalytic membrane with three TiO2
layers. This SEM picture was taken after the experiments, and it is
visible that some pieces of catalyst have delaminated. In contrast, image
(B) depicts a more homogeneous surface of a membrane with a single
1.69 μm thick TiO2 top layer made with a 0.50 wt% dispersion.

It is common to observe layers cracking when the film thickness
exceeds a certain critical thickness [30]. During the drying of the layers,
the layer thickness is reduced, generating stress inside the film. Above
a critical thickness, the energy required to extend the crack is lower
than the energy gained from the relief of stress near the crack [31].
For our photocatalytic membranes, the critical thickness seems to be
around 1.69 μm, as we observed cracks on the surface of membranes
with layers above this thickness. For the sintering of these membranes,
we used a heating rate of 2 ◦C min−1. A lower rate could potentially
reduce the stresses developed from the unequal thermal expansions
coefficient of the support and the titania layer [32,33], but this has
not been explored here.

Transmembrane pressure measurements showed that the pressure
increases linearly with the pure water flux for all membranes. Fig. 4
presents the water permeability values obtained from the slope of the
linear fit between the water flux and the pressure, with the stan-
dard error of the slope, for the 𝛼–alumina support, the support with
the 𝛾–alumina layer, and the membranes used in the experiments
(logarithmic scale on top to identify the TiO2 layer thickness). The
water permeability obtained for the 𝛼–alumina support (4.96 ± 0.04 L
m−2 h−1 bar−1) is slightly reduced upon adding the 𝛾–alumina layer.
Although the 𝛼-alumina layer has much larger pore sizes (80 nm)
compared to the 𝛾-alumina layer, it is also much thicker, resulting in
the dominating hydraulic resistance for this 𝛼-alumina layer. The TiO2
layers are not adding any extra resistance, as their thicknesses are also
limited.

Fig. 4 also shows the slight increase in permeability during the
experiments with methylene blue. This is caused by the increase of
temperature in the system by the UV light irradiation, which slightly
reduces the solution viscosity. Nevertheless, the experiments are flow
controlled, so the slight variation in permeability will only affect the
transmembrane pressure, while the permeate flow rate is unaffected.

3.2. TiO2 layer thickness effect on the discoloration of MB

Methylene blue discoloration experiments were conducted in a
single-pass dead-end PMR under an average irradiation of 210 W m−2.
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Fig. 3. Top SEM images of two photocatalytic membranes. Image (A) presents a membrane surface full of defects made with three TiO2 layers obtained by dip-coating three times
with a 1.00 wt% TiO2 dispersion, and image (B) illustrates a smooth membrane surface fabricated with one TiO2 layer obtained by dip-coating with a 0.50 wt% TiO2 dispersion.
Fig. 4. Pure water permeability for the 𝛼-alumina support only, coated with 𝛾-alumina,
and subsequently coated with titania represented by symbols in black. Aqueous
methylene blue solution permeability during the experiments with the photocatalytic
membranes is depicted by symbols in blue.
5

Fig. 5 shows the MB normalized permeate concentration (𝑐𝑝∕𝑐𝑏) for the
lowest and highest filtration rate for different membrane thicknesses.
A degree of discoloration of 53% was achieved with the thinner mem-
brane (0.26 μm), and 81% for the thicker membrane (21.9 μm) at the
lowest flow rate (1.6 L m−2 h−1).

The discoloration of MB increased with the increase of photocat-
alytic layer thickness. The degradation seems to stabilize for thicknesses
beyond the TiO2 layer thickness of 2.74 μm for all the studied filtration
rates without considering the multi-layers membranes. Surprisingly,
the thicker membranes with multiple layers showed further improved
degradation. The cracks on the surface and across the multiple layers
may act as interconnected mesopore channels, which increase the
density of active sites (i.e., larger surface area), promote the flux
density used, and facilitate the diffusion of reactants and products.
Furthermore, the cracks in the TiO2 layers may allow multireflections
inside the different layers, which could improve the UV light harvesting
efficiency [17]. We will later discuss these observations using the mass
transport and reaction model, in Section 3.4.

3.3. Photonic efficiency

The photonic efficiency or lower limit of the quantum yield assess
the light utilization efficiency of a photoreactor. Fig. 6(a) shows the
photonic efficiency as a function of the filtration rate and Fig. 6(b)
depicts the photonic efficiency for the lowest and highest filtration
rate for the different membrane thicknesses. The photonic efficiency
was calculated by the relation between the discolored MB moles [mol
s−1] and the incident photon flux [2.02 × 10−7 mol s−1, conversion for
366 nm: 1 W = 3.06 ⋅10−6 mol s−1 [34]]. The obtained values represent
a minimum photonic efficiency since only the discoloration of MB is
considered instead of the formation of electron–hole pairs or reactive
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Fig. 5. Photocatalytic discoloration of methylene blue as a function of the catalytic
layer thicknesses at the highest and lowest filtration rates.

oxygen species. The discoloration of MB is an indirect reaction with the
incident photons since more reactions, that are not measured in these
experiments, are possibly triggered by the photons. Researchers like
Lizhogn et al. [35] calculated the quantum yield with the generation
rate of hydroxide radicals.

Fig. 6(a) shows how the filtration rate affects the photonic effi-
ciency. The improvement is a direct consequence of the increased
transport rate towards the membrane at higher flow rates. As such,
the photonic efficiency increases almost linearly with the filtration rate,
except for the lower thicknesses, where it levels off at higher flows. As
the thinnest membrane gives the lowest conversion, it is less influenced
by mass transport limitations.

In Fig. 6(b), the photon efficiency is presented for different thick-
nesses of TiO2. Thicker membranes show higher efficiencies since more
photons can be absorbed. This effect is more substantial at higher flow
rates due to earlier mentioned improved mass transport. We do expect
a less than linear increase in photon efficiency with TiO2 thickness, due
to the light intensity decay within this layer.

The photonic efficiency can vary depending on the parameters
used for its calculation, making it more difficult to compare with
other systems. The reported values are not more than a few percent
and depend on the photocatalyst and experimental conditions [36],
e.g., 0.92% [37], 0.74% [38], or 0.09% [39] for the degradation of
methylene blue over thin films of TiO2, and 0.34% and 2.36% [40] for
the MB degradation in a slurry configuration. The maximum photonic
efficiency obtained in this work was only 0.012% for the thickest
membrane (21.9 μm) with the highest flow rate (10 mL h−1). The
highest flowrate ensures the least mass transport limitation, while the
thickest photocatalyst layer governs maximum absorption. The rela-
tively low photonic efficiency may be caused by extensive reflection
by the membrane surface, or other processes that limit the generation
of reactive species.

3.4. Mass transport and reaction model

A model that predicts the permeate concentration by calculating the
surface reaction constant has been described to analyze the reaction
kinetics during the photocatalytic degradation of organic molecules
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by TiO2 membranes with different thicknesses. Fig. 7(a) depicts the
normalized MB permeate concentration (𝑐𝑝∕𝑐𝑏) as a function of the
filtration rate, where the lines represent the mass transport and surface
reaction model fits and the symbols the experimental data. Fig. 7(b)
illustrates the kinetic constant 𝑘′0 fitted to the experimental results
with the error bars representing the nonlinear regression prediction
confidence intervals.

The surface reaction rate constant 𝑘′ is proportional to the local
light intensity and follows an exponential decay with distance, see
Eq. (3), according to Lambert–Beer law for light attenuation. This
model accounts for the catalyst thickness variations and light absorp-
tion, and a unique 𝑘′0 can be obtained from fitting the experimental
data for each thickness to the model. As expected from the analysis
in Section 3.2, the membranes with a single coated top layer of TiO2
behave differently than those with multiple layers. The performance
of the seven membranes with one layer can be fitted to a single or
averaged 𝑘′0 of 3.4 ± 0.2 × 10−8 m s−1 while the multi-layer membranes
fit to 𝑘′0 = 1.3 ± 0.2 × 10−7 m s−1 when the same absorption coefficient
is considered during the fitting. The multi-layer membranes, thus,
perform better than expected based on the single-layer performance.
The absorption coefficient, 𝛼𝑟 = 1.073 × 106 m−1, of the TiO2 layer
has been experimentally measured before for titanium dioxide layers
formed from the same dispersion [14], and we do not expect any
differences for this between our layers.

Notably, in Fig. 7(a), the experimental data with the membrane with
three layers (10.6 μm) show significant scatter between repetitions.
After the first experiment with a multi-layer membrane, significant de-
lamination was observed. In the case of the membrane with six layers,
the first experiment was a permeability measurement which is why
the reproducibility of the results is somewhat better. The multi-layer
membranes show improved performance with high degradation but
limitations regarding stability compared to single-layer membranes. Po-
tential improvements could be obtained by further tuning the sintering
temperature profile.

In Fig. 7(b), the model predictions for the thinnest membrane,
0.26 μm, differ a bit from the other membranes with one titanium
dioxide top layer. The TiO2 interaction with the alumina support could
explain this reaction improvement. Alumina is an insulator that could
trap photo-generated electrons and prevent their transfer from the TiO2
particles to the interface with the fluid, influencing recombination rates
and hence the photocatalytic activity. Egerton [41] measured lower
photocatalytic activity when coating rutile particles with alumina or
silica. They supported the idea that the coating blocks the transfer of
both photo-generated holes and electrons by the reduction of photocat-
alytic oxidation and photocatalytic reduction. Gomez et al. [42] created
coatings with a mixture of 𝛼–alumina and TiO2. Their study concluded
that the presence of Al2O3 decreases the electron–hole recombination
as it acts as a charge transfer catalyst.

4. Conclusion

The influence of the catalyst coating thickness on a ceramic mem-
brane has been studied for the photocatalytic discoloration of methy-
lene blue. Nine membranes were fabricated by dip-coating alumina
substrates in different TiO2 dispersion concentrations or by increasing
the number of layers. Cracks on the top layer were observed for mem-
branes thicker than 1.69 μm (0.50 wt.% dispersion), and delamination
occurred beyond 4.3 μm (1.50 wt.% dispersion). A 1D model was devel-
oped, which includes mass transfer, the surface reaction rate constant,
and layer thickness on the overall discoloration of methylene blue. The
model includes the effect of light absorption as a function of the depth
in the photocatalyst layer. The obtained surface reaction rate constant
illustrates that multiple layers provide enhanced reactivity compared
to single catalytic layers, however, at the expense of layer stability.
Furthermore, the thinnest membrane suggests a slight positive influ-
ence regarding reactivity, possibly based on the effect of the substrate
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Fig. 6. Figure (a) shows the photonic efficiency as a function of the filtration rate. Figure (b) illustrates the photonic efficiency vs. membrane thickness at the highest and lowest
filtration rates.
Fig. 7. Figure (a) shows the discoloration of MB vs. filtration rate. Symbols depict experimental results and lines correspond to the mass transport and surface reaction model.
Figure (b) displays the fitted 𝑘′0 for different catalytic layer thicknesses.
on the recombination rate. This work provides valuable information
in the fabrication of photocatalytic membranes and contributes with
a model that includes the catalyst thickness effect on photocatalytic
degradation. Undoubtedly, this knowledge will help in the promising
use of membranes combined with advanced oxidation processes to
exploit the synergy between both.
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